A plant cysteine endopeptidase with a molecular mass of 35 kD was purified from microbodies of germinating castor bean (Ricinus communis) endosperm by virtue of its capacity to specifically process the glyoxysomal malate dehydrogenase precursor protein to the mature subunit in vitro. Processing of the glyoxysomal malate dehydrogenase precursor occurs sequentially in three steps, the first intermediate resulting from cleavage after arginine-13 within the presequence and the second from cleavage after arginine-33. The endopeptidase is unable to remove the presequences of prethiolases from rape (Brassica napus) glyoxysomes and rat peroxisomes at the expected cleavage site. Protein sequence analysis of N-terminal and interna1 peptides revealed high identity to the mature papain-type cysteine endopeptidases from cotyledons of germinating mung bean (Vigna mungo) and French bean (Phaseolus vulgaris) seeds. These endopeptidases are synthesized with an extended pre-/prosequence at the N terminus and have been considered to be processed in the endoplasmic reticulum and targeted to protein-storing vacuoles.
Peroxisomes are a class of organelles designated as microbodies that were identified ultrastructurally in plant (Frey-Wyssling et al., 1963) and animal (Rouiller and Bernhard, 1956 ) cells. Peroxisomes play a decisive and varying role in sequestering metabolic pathways of fungi, plants, and animals. Two main classes of peroxisomes have been identified in higher plants (for review, see Gietl, 1996) . Glyoxysomes mobilize lipids with their complete sets of enzymes for P-oxidation of fatty acids to acetyl-COA and for the glyoxylate cycle, assimilating two molecules of acetyl-COA into succinate. They play a key role in the conversion of fat to SUC in fatty seedling tissue (Gietl, 1992) . Leaf-type peroxisomes in photosynthetically active tissues of green cotyledons and leaves are required for photorespiration (Ogren, 1984; Gietl, 1992) . In plants as well as yeasts, fatty acid P-oxidation is confined to microbodies. In mammals, P-oxidation of fatty acids with fewer than 18
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* Corresponding author; e-mail gietl@botanik.biologie.tumuenchende; fax 49-89-289-22167. 863 carbon atoms occurs in mitochondria, but P-oxidation of very-long-chain fatty acids takes place in peroxisomes. In yeasts, the number, volume, and protein composition of peroxisomes is adapted to the available growth medium and other environmental parameters (Subramani, 1993) . Two different topogenic signals have been identified as necessary and sufficient to direct cytosolic precursors of matrix enzymes to peroxisomes. One of these, designated PTS1, includes the C-terminal tripeptide SKL and is highly conserved throughout the eukaryotic kingdom (Keller et al., 1991; Subramani, 1993; Trelease et al., 1994) . The second, designated PTS2, is located in the N terminus of the protein and has the consensus sequence RL / I-X,-H/ QL (de Hoop and Ab, 1992) . In higher eukaryotes such as plants and mammals, the PTS2 resides in a cleavable N-terminal presequence. In mammals, only 3-ketoacyl-COA thiolase, the last enzyme in the P-oxidation spiral of fatty acids, is known to be targeted by PTS2 (Osumi et al., 1991; Swinkels et al., 1991; Tsukamoto et al., 1994) . In plant thiolases from cucumber (Cucumis sativus) (Preisig-Mueller and Kindl, 1993) , mango (Mangifera indica) (Bojorquez and GomezLim, 1995) , and rape (Brassica napus) (Olesen and Brandt, 1996) , the PTS2 is found within the N-terminal presequence in the form of RQ-X,-HL. gMDH from watermelon (Citrullus vulgaris) (Gietl and Hock, 1982; Gietl, 1990) and soybean (Glycine max) (Guex et al., 1995) and citrate synthase from pumpkin (Cucurbita sp.) (Kato et al., 1995) are synthesized as higher-molecular-mass precursors with an N-terminal presequence containing PTS2. The 37-amino acid presequence of watermelon gMDH directs this plant enzyme into Hansenula polymorpka peroxisomes, confirming the requirement of the PTS2 signal RI-X,-HL for import . The presequence is proteolytically removed in watermelon but not in H. polymorpka. In lower eukaryotes such as yeasts, higher-molecular-mass precursors for microbody proteins are as yet unknown. Instead, a PTS2 is present in the N terminus of the mature subunit of thiolase from Sacckaromyces cerevisiae (Glover et al., 1994) and of Plant Physiol. Vol. 113, 1997 amine oxidase from H . polymorpha (Faber et al., 1995) , whereas yeast malate dehydrogenase (Steffan and McAlister-Henn, 1992 ) and citrate synthase (Singh et al., 1992) are imported with the aid of a C-terminal PTS1.
In the present investigation, using isolated microbodies of castor bean (Xicinus communis) endosperm, we have purified a Cys endopeptidase capable of removing the presequence of the higher-plant pre-gMDH and examined whether it is also able to remove the presequences of plant and mammalian thiolases.
MATERIALS A N D METHODS
Castor bean seeds (Ricinus communis, harvest 1994; L.L.
Olds Seed Co., Madison, WI) were soaked in running tap water overnight and grown in moist, autoclaved vermiculite in the dark at 30°C for 1 to 7 d (usually 5 d).
Cys Endopeptidase Activity and Synthesis of g M D H and Thiolase during Fat Mobilization in Castor Bean Endosperm
Homogenization and a11 subsequent operations were carried out at 4°C. Endosperm tissue, which was removed from the rest of the seedlings as much as possible, was homogenized with a razor blade and by grinding with a mortar and pestle in a grinding medium (Hepes-DTT; 30 mL/10 g fresh weight) containing 50 mM Hepes, 10 mM KC1,l mM EDTA, and 1 mM DTT, pH 7.4. The homogenate was filtered through four layers of cheesecloth and centrifuged at 2708 for 10 min to remove unbroken cells and cellular debris. The supernatant represented a crude organellar fraction, which was pelleted by centrifugation at 10,500g for 15 min. The organelles from 4.5 g fresh weight were suspended in 1 mL of Hepes-DTT, frozen at -80°C, and, after thawing, diluted 5-fold with Hepes-DTT. The protein extract was sonicated on ice five times for 1 min at 1-min intervals and centrifuged at 20,000 rpm (SS-34 rotor, DuPont) at 4°C for 30 min. The clear supernatant was used for further experiments. For Cys endopeptidase activity tests, the protein extracts were diluted 20-fold, and 5 pL of this protein extract was incubated with 7.5 pL of in vitrotranslated pre-gMDH or pre-thiolase as substrates and analyzed as described below. For thiolase and gMDH detection, the protein extracts were separated by SDS-PAGE on 10% gels, followed by western blotting, using polyclonal antibodies generated against watermelon gMDH and cucumber thiolase.
lsolation of Microbodies on a SUC Cradient for

Purification of the Cys Endopeptidase
The preparation of microbodies as modified from the procedure of Cooper and Beevers (1969) has been described in detail by Sautter and Hock (1982) ; the high purity of microbodies has been documented with electron micrographs (Sautter and Hock, 1982) and with marker enzymes (Hock, 1973; Walk and Hock, 1977; Gietl and Hock, 1986) . Endosperm tissue was harvested from 5-d-old castor beans when the two halves of the endosperm of one seedling had a fresh weight between 1.4 and 1.7 g. The endosperm was carefully removed from the rest of the seedling and homogenized, and a 10,500g organellar pellet was prepared as above. The organelles from 30 g fresh weight were resuspended in 1 mL of Hepes-DTT, 8% SUC, and layered onto a 10.5-mL discontinuous SUC gradient in 10 mM EDTA, 5 mM MgCl,, p H 7.4, and centrifuged in a swing-out rotor (SW 40 Ti) at 25,000 rpm for 3 h. The discontinuous gradient was formed by successively introducing 2 mL of 57, 50, 43, and 33% SUC medium and then 1.5 mL of 20% and 1.0 mL of 10% Suc medium. After centrifugation the visible white band of microbodies between the 57 and 50% SUC steps was removed using a syringe. The microbody fraction was diluted slowly with the same amount of Hepes-DTT within 1 h (adding 20% of the original amount every 10 min to avoid an osmotic shock) to a final SUC concentration of about 28% and used for further experiments.
Localization of the Cys Endopeptidase within lsolated Microbodies
In a first experiment microbodies from one gradient (0.5 mL) were diluted with 5 x 100 p L of Hepes-DTT, as above, and assayed for endopeptidase activity. In a second experiment the microbodies were pelleted (70 Ti rotor, 40,000 rpm, 30 min) and the microbody pellet was resuspended in the original amount (1 mL) of Hepes-DTT; supernatant and dissolved microbodies were assayed for endopeptidase activity, which was present predominantly in the microbodies. In a third experiment the microbodies from the gradi-.ent (about 28% SUC) were sonicated on ice five times for 30 s at 1-min intervals and pelleted as above; the pellet was dissolved in 1 mL of Hepes-DTT. The supernatant and resuspended pellet were assayed for endopeptidase activity, which now resided exclusively in the supernatant.
Purification of the Cys Endopeptidase from lsolated Microbodies
Microbodies obtained from 34 SUC gradients were diluted, sonicated, and centrifuged as described above. The supernatant, containing matrix and peripheral membrane proteins (0.7 mg protein mL-'), was loaded onto a 1-mL column of DEAE Bio-Gel A agarose (Bio-Rad). The column was washed with 1 mL of Hepes-DTT and 7.5 mL of 80 mM NaCl in Hepes-DTT. The endopeptidase activity was eluted with 4 mL of 250 mM NaCl in Hepes-DTT. The fraction containing the endopeptidase was diluted to 15 mL with Hepes-DTT (65 mM NaCl final concentration) and loaded onto a 0.5 mL p-aminobenzamidine affinity column (Sigma). The column was washed with 4 mL of 100 mM NaCl and 4 mL of 200 miv NaCl in Hepes-DTT, and the pure Cys endopeptidase protein eluted with 4 mL of 500 mM NaCl in Hepes-DTT. 1994). The insert was cloned into pGEMEX-1 (Promega) between NotI and Sail under the control of the SP6 promoter. A plasmid coding for a truncated pre-gMDH starting with the Met in position 25 (M25pre-gMDH) was obtained by removing the fragment between the Hmdlll site in the multiple cloning site and the Hpal site located between the first and second Met in the presequence. The plasmid with the truncated insert was religated after filling in the Hindlll site with Klenow enzyme. To test the specificity of the Cys endopeptidase, Brassica napus thiolase (Olesen and Brandt, 1996) and rat thiolase (Bodnar and Rachubinski, 1990 ) precursor proteins and yeast thiolase (Zhang and Lazarow, 1995) were used as substrates.
Assay for Cys Endopeptidase Activity cDNAs for pre-gMDH, pre-thiolases from B. napus and rat, and thiolase from Saccharomyces cerevisiae were in vitrotranscribed with SP6-RNA-polymerase (gMDH), T7-RNApolymerase (B. napus and rat thiolase), or T3-RNApolymerase (yeast thiolase) and translated in the rabbit reticulocyte lysate system (Promega) in the presence of [ 35 S]Met (Amersham). The translated protein was diluted 1:8 with Hepes-DTT and adjusted to 1 mM MnCl 2 ; 7.5 /n,L of this translation mixture were incubated with an appropriate amount of protein extracts from endosperm, purified microbodies, or purified Cys endopeptidase (usually 5 /^L) for 15 min at 27°C. The reaction was stopped by the addition of loading dye and heating in boiling water for 2 min, and the reaction products were separated by SDS-PAGE (8% gels). After separation, the gel was fixed in a mixture of 10% acetic acid and 20% isopropanol for 15 min, soaked in H 2 O for 10 min, and treated with Autofluor (National Diagnostics, Manville, NJ) for 20 min. The gel was dried at 80°C for 30 min and exposed to x-ray film (X-Omat AR, Kodak) for 3 h.
N-Terminal Sequencing and Sequencing of a Tryptic
Fragment of Purified Cys Endopeptidase
Twelve micrograms of purified Cys endopeptidase were separated by SDS-PAGE (8% gels) and blotted on an Immobilon-P membrane (Millipore). The membrane was stained with Coomassie Blue R-250 in 50% methanol and destained with 50% methanol. The stained protein band was cut out and sequenced. For the sequencing of tryptic fragments, the protein was partially digested with trypsin, the resulting peptides were separated, and one tryptic fragment was sequenced.
Test for Protease Inhibitors
Five microliters of purified endopeptidase were incubated with 7.5 p,L of pre-gMDH (M25I) and 8 juL of protease inhibitor (2.5-fold concentrated) for 15 min at 27°C and assayed as above. The following protease inhibitors were used (2. 
Specificity of Cleavage by Cys Endopeptidase
Pre-gMDH and B. napus pre-thiolase were translated in vitro in a reticulocyte lysate system in the presence of radioactive amino acids appropriate for radiosequencing (see Fig. 5 ). The translation products were incubated with purified microbody Cys endopeptidase. After incubation with purified Cys endopeptidase, the cleavage intermediates were separated by SDS-PAGE and electroblotted. The bands corresponding to the processing products of interest were localized, excised, and sequenced directly on a sequenator (model 477A, Perkin Elmer). The procedure is described in detail by Isaya et al. (1991) . As a control, cleavage was carried out with trypsin instead of Cys endopeptidase; 7.5 /ML, of diluted translation mixture (see above) of pre-gMDH or thiolase (B. napus, rat, or S. cerevisiae) were incubated with trypsin (5 ng 5 juJLT 1 or 50 ng 5 /MLT 1 ) at 27°C for appropriate time intervals. The reaction was stopped by the addition of loading dye and heating for 2 min in boiling water and separated by SDS-PAGE as above. pelleting the microbodies at 40,000 rpm, the supernatant contained only enough endopeptidase to process pre-gMDH to the first and second intermediates (lane 2), whereas removal of the presequences was complete with endopeptidase in the pellet (lane 3). Sonication prior to centrifugation released endopeptidase activity into supernatant (lane 4) with no activity remaining in the pellet (lane 5). TR, In vitro-translated pre-gMDH.
RESULTS
Time Course of gMDH and Thiolase Synthesis and Their Presequence Processing during Mobilization of Fat in Castor Bean Endosperm
In germinating 1-d-old seedlings, a crack appeared in the seed coat. A 1-cm radicula emerged on d 2, and the seed coat cast was off on d 3, with the hard endosperm not being separable from the cotyledons. On d 5 the endosperm was soft and the cotyledons were able to be removed from the two halves of the endosperm because a slimy layer had developed between the two tissues. On d 6 the endosperm became increasingly slimy, and its residues fell off from the cotyledons on d 7. The mobilization of fat and protein stored in the endosperm to feed the developing cotyledons was accompanied by a transient increase in fresh weight of the endosperm from the individual seedling; the fresh weight of the endosperm of one individual seedling (as determined from the average weight of 10 endosperms) increased from 0.5 g/endosperm at d 1 to 1.6 g/endosperm at d 5 and then decreased (Fig. IE) . Furthermore, the protein composition changed dramatically (Fig. IE) . The approximately 22-kD storage proteins present during d 1 to 3 disappeared by d 4, whereas proteins with molecular masses between 33 and 66 kD were synthesized during d 3 to 5, when thiolase (Fig. IB) and gMDH (Fig. 1A) entered the glyoxysomes. After d 5 the endosperm proteins degraded and were no longer visible (Fig. IE) .
Protein extracts of crude organellar pellets processed in vitro synthesized pre-gMDH to its mature form on d 3 to 5 (Fig. 1C) , concomitantly with the rise and fall of gMDH in the metabolic turnover of the endosperm (Fig. 1A) . Detection of thiolase by western blots with the heterologous cucumber antibody seemed to be limited to d 3 (Fig. IB) , whereas d-4 endosperm displayed pronounced precursor processing activity of crude protein extracts toward in vitro-translated and -labeled B. napus thiolase precursor protein (Fig. ID) .
Localization of a Cys Endopeptidase in Microbodies and
Purification of the Enzyme
Separation of a crude fraction of cell organelles by Sue density gradient centrifugation yielded microbodies at a density of 1.24 g mLT 1 (Cooper and Beevers, 1969; Hock, 1973; Walk and Hock, 1977; Sautter and Hock, 1982; Gietl and Hock, 1986) . This gradient fraction contained the endopeptidase activity, which processed the pre-gMDH to its mature form (Fig. 2, lane 1) . Full conversion of the pregMDH precursor protein to the mature subunit (Fig. 2, lane 3) was obtained after pelleting the microbodies by centrifugation at 40,000 rpm, whereas the supernatant contained only small amounts of activity, since it converted the precursor only to the first and second intermediates (Fig. 2,  lane 2) . When the microbody fraction was sonicated prior to centrifugation, the activity was completely released into the supernatant (Fig. 2, lane 4) , with no activity remaining in the pelleted membranes (Fig. 2, lane 5) . The endopeptidase was purified from microbodies to homogeneity as detailed in "Materials and Methods" and shown in Table I and Figure 3 . The endopeptidase removing the transit peptide of pre-gMDH is a single protein of 35 kD (Fig. 3, lanes  3 and 4) .
Formation of gMDH Intermediates by Cleavage with Cys Endopeptidase
In vitro translation of wild-type pre-gMDH gives rise to two products, the full-length precursor protein with the 37-amino acid presequence, and a truncated precursor starting with the Met in position 25 (Lehnerer et al., 1994) . To determine whether both precursors are converted to the mature subunit by the endopeptidase, we used two plasmids for transcription and translation. One produced a full-length precursor pre-gMDH with Met-25 converted into He (M25I), and the other produced a precursor starting at Met-25 (M25pre-gMDH). Incubation of full-length pregMDH with purified endopeptidase revealed that the 37-amino acid presequence is cleaved off in three sequential steps, with the two intermediates i,-gMDH and i 2 -gMDH consistently occurring prior to the formation of the final cleavage (Fig. 4A) . After 1 min of incubation both intermediates were visible; after 5 min the larger intermediate
Table I. Purification of microbody Cys endopeptidase
One unit of activity is defined as the amount of enzyme that catalyzes the conversion of 50% of the pre-gMDH in 1 /nL of in vitro translation mixture to its mature form at 27°C in 10 min. disappeared, whereas the smaller one continued to accumulate, and increasing amounts of the mature subunit were formed after 5 to 10 min. The endopeptidase was able to recognize the gMDH precursor when it had been truncated to the Met in position 25 (Fig. 4B) . In this case only the second intermediate, i 2 -gMDH, was formed and converted into the mature subunit. The intermediates i,-gMDH and J 2 -gMDH and the mature gMDH subunit were labeled with appropriate amino acids and the cleavage sites produced by the endopeptidase were identified by radiosequencing. Labeling of i,-gMDH with [ 3 H]Leu revealed the first cleavage after Arg in position 13 (or -25 relative to the mature gMDH N terminus) (Fig. 5A) ; labeling of i 2 -gMDH with [ 35 S]Cys showed that the second cleavage occurs after Arg in position 33 (or -5 relative to the gMDH N terminus) (Fig. 5B) ; and labeling of the mature gMDH with [ 3 H]Pro proved formation of the correct amino terminus (Fig. 5C ) as known from sequencing purified watermelon gMDH (Gietl et al., 1986) . Thus, the endopeptidase turned out to be a trypsin-like protease, which cleaves at the C terminus of three distinct Args in the gMDH presequence.
Cleavage Pattern of Pre-gMDH by Trypsin Differs from That of the Cys Endopeptidase
Trypsin cleaves proteins at the C-terminal side of Arg and Lys. It is to be expected that the presequence will be cleaved at positions Arg-10, Arg-13, Lys-22, Arg-32, Arg-33, and Arg-37, thus yielding up to five protein bands upon incubation of the pre-gMDH with trypsin. Indeed, at least four cleavage products with the appropriate size were detected in addition to the mature protein after 30 s, in contrast to the two sequentially appearing cleavage intermediates produced by the Cys endopeptidase (Fig. 6) . As indicated in Figure 6 , the bands probably corresponding to the cleavage after Arg-10, Arg-13, Lys-22, and Arg-32/33 could be assigned after 30 s of incubation with 5 ng of trypsin. The mature subunit exhibited considerable resistance against protease degradation, as previously observed (Gietl and Hock, 1984) .
The Endopeptidase Cleaving the Presequence of PregMDH in Vitro Is a Cys Endopeptidase
The endopeptidase activity was inhibited by antipain, leupeptin, and N-p-tosyl-L-Lys chloromethyl ketone, which inhibit some Cys proteases such as papain and trypsin-like Ser proteases; it was also inhibited by cystatin and chymostatin, which inhibit a majority of Cys proteases (Fig. 7) . No inhibition was obtained with aprotinin and PMSF, which inhibit Ser proteases, or with bestatin, an inhibitor of aminopeptidases, EDTA, an inhibitor of metalloproteases, pepstatin A, which inhibits some aspartic proteases, or N-tosyl-L-Phe chloromethyl ketone, which inhibits chymotrypsin (Fig. 7) . For references to protease inhibitors, see Beynon and Bond (1989) and Rawlings and Barren (1994) .
Processing of the Pre-Thiolases by the Cys Endopeptidase
Upon incubation of [ 35 S]Met-labeled B. napus pre-thiolase with purified Cys endopeptidase (Fig. 8A) , two major intermediates and several additional cleavage products were formed. The final major protein band was radiosequenced after labeling the precursor with [ 3 H]Leu and revealed an N-terminal Ala instead of the Leu presumed to be present in the mature enzyme. The Leu at the N terminus of the mature plant thiolase was presumed if, in analogy with the mammalian thiolase (Hijikata et al., 1987) zyme (Fig. 8B) . Radiosequencing of the final peptide, however, did not confirm cleavage next to the Cys, but the N-terminal Ser of the mature mammalian thiolase was also removed (data not shown). The radiolabeled S. cerevisiae thiolase, which lacks a cleavable presequence, was degraded to a polypeptide with a slightly reduced molecular mass (Fig. 8C) , possibly by removal of the tetrapeptide MSQR at the N terminus of the subunit. Yeast thiolase synthesized in vitro yields two translation products (Fig. 8C , 0 min), owning to a second Met initiation site at residue 17 from the N terminus. It can be concluded that the Cys endopeptidase of castor bean endosperm removes the presequence of pre-gMDH by cleaving specifically after three Arg residues. The enzyme shows proteolytic activity toward pre-thiolases; in purified form, however, it does not remove their presequences by cleaving directly after the Cys, as is expected for mammalian thiolase and for that reason also presumed for plant thiolase.
The Primary Structure of the Microbody Cys Endopeptidase Is Similar to Those of Cys Endoproteases of the Papain Family
N-terminal and internal amino acid sequences of the microbody Cys endopeptidase, which in vitro specifically removes the presequence of pre-gMDH containing the PTS2, showed that the enzyme is a Cys peptidase belonging to the papain family. Of the N-terminal 21 amino acids from the mature endopeptidase, 20 and 19 were identical to the mung bean (Vigna mungo) (Akasofu et al., 1989) and French bean (Phaseolus vulgaris) Cys endopeptidases (Tanaka et al., 1991) . The internal peptide featured a homology of 80% among the three enzymes (Table II) . In the limited sequence available, conservation of His-161 (mung bean numbering), Cys-155, and Gin-19 is noteworthy; His-161 and Cys-25 are part of the enzyme's catalytic pocket, Cys-155 forms a disulfide bridge with Cys-204, and Gin-19 contributes to the "oxyanion hole" of the Cys proteases (Rawlings and Barrett, 1994) .
DISCUSSION
The N-terminal peroxisomal targeting signal (PTS2) in higher eukaryotes such as plants and mammals resides in a cleavable N-terminal presequence. For that reason a processing peptidase is proposed to exist. Our approach was to purify this processing peptidase using the highermolecular-mass pre-gMDH of watermelon as a substrate in the assay system. Since the processing activity for pregMDH is stable in R. communis endosperm (Gietl and Hock, 1986) but unstable in watermelon cotyledons (Gietl and Hock, 1984) , we have used castor bean endosperm as a suitable tissue for purification of the processing peptidase. We analyzed the time course of gMDH and thiolase synthesis and their presequence processing during mobilization of fat in castor bean endosperm over 7 d (Fig. 1) and could demonstrate that processing activity for pre-gMDH is already present in 2-d-old endosperm and is high in 3-and 4-d-old endosperm, when pre-gMDH needs to be processed. However, endopeptidase activity seems still to be very high in 5-d-old endosperm, when the enzymes of /3-oxidation and the glyoxylate cycle are already declining, and for that reason we used 4-to 5-d-old endosperm as a starting material. The Cys endopeptidase was purified from a crude protein extract (data not shown) as well as from microbodies isolated on a Sue density gradient. Although matrix enzymes from broken microbodies can spread over the entire gradient and contaminate mitochondria! and plastid fractions, microbodies sedimenting at a density of 1.24 g mL~' have little contamination from marker enzymes of other organelles (Cooper and Beevers, 1969; Hock, 1973; Sautter and Hock, 1982; Gietl and Hock, 1986) . The Cys endopeptidase analyzed in the present experiments stays with the microbodies upon reisolation and has to be released from the organelles by sonication of the purified organelles (Fig.  2) . It was thus considered to be a microbody enzyme.
During purification we ended up in most preparations with the pure 35-kD Cys endopeptidase band (Fig. 3) . In other preparations, however, an unknown 22-kD protein was co-purified; this was also a protease (data not shown). No other peptidase processing the pre-gMDH in our assay could be detected during the whole purification procedure. Whether one or both proteases were purified on the affinity column was dependent on the fractions of the DEAE column chosen for further purification on the benzamidine column. The 35-kD Cys endopeptidase by itself processed the gMDH precursor protein to the mature subunit. The Cys endopeptidase together with the 22-kD protein processed pre-gMDH faster and degraded the mature subunit effectively. We conclude from our data that in crude protein extracts from 5-d-old and older endosperm of devel- oping seedlings, additional degrading proteases are present that simulate the processing peptidase activity of pre-gMDH. The purified and characterized Cys endopeptidase from R. communis endosperm cleaved the presequence of watermelon pre-gMDH in three sequential steps in vitro, with two intermediates consistently occurring prior to the formation of the final cleavage (Fig. 4) . The Cys endopeptidase turned out to be a trypsin-like protease that cleaves at the C terminus of three distinct Args in the gMDH presequence (Fig. 5 ). This cleavage behavior recognizing an Arg at position -1 relative to the cleavage site is unusual for papain-type Cys endopeptidases, which in general recognize the amino acid at position -2 relative to the cleavage site (Rawlings and Barrett, 1994) . The Cys endopeptidase did not process the plant thiolase precursor protein to the presumed mature form. It cleaved the gMDH presequence after an Arg that is present next to a conserved Cys. There is no Arg in the vicinity of the cleavage sites in thiolases and glyoxysomal citrate synthase, the third microbody enzyme known to be synthesized as a higher-molecular-mass precursor (Kato et al., 1995) . The glyoxysomal citrate synthase has a conserved Cys at position -2 and a Val at position -1. Either different enzymes cleave gMDH, thiolase, and glyoxysomal citrate synthase precursor proteins or the Cys endopeptidase identified here can also cleave after amino acids other than Arg in vivo. Furthermore, thiolase was not degraded by the 22-kD protease. Authier et al. (1995) used the higher-molecular-mass precursor protein of mammalian thiolase as a substrate for identification of a candidate leader peptide peptidase. They uncovered a 110-kD metalloendopeptidase localized in mammalian peroxisomes that degrades the already cleaved leader peptide of thiolase. This function was evaluated with a synthetic peptide corresponding to the PTS2-containing thiolase leader peptide. Although the free presequence of thiolase was a substrate for this peroxisomal 110-kD metalloendopeptidase, the metalloendopeptidase was unable to bind and process the full-length pre-thiolase synthesized in an in vitro system. This difficulty may indicate that an undefined peroxisomal processing endopep- tidase cleaves the leader peptide of pre-thiolase before its presentation to the 110-kD metalloendopeptidase (Authier et al., 1995) . It remains an open question whether a similar protease exists in plants.
The purified and characterized microbody Cys endopeptidase from R. communis endosperm, which correctly processes the presequence of watermelon pre-gMDH in vitro, has a high homology to papain-type Cys peptidases from V. mungo and P. vulgaris. Because they are secrrted or lysosomal enzymes, peptidases of the papain family are generally synthesized with N-terminal signal peptides and propeptides. Mung bean and French bean Cys endopeptidases are synthesized with a presequence 127 amino acids long. The first 19 amino acids were cleaved off when translation was carried out in the presence of microsomal membranes, whereas processing to the mature subunit took place by incubation with a crude enzyme extract from cotyledons (Mitsuhashi and Minamikawa, 1989) . Mitsuhashi and Minamikawa suggested that the Cys endopeptidase in germinating seeds from V. mungo participates in storage protein mobilization, since the amount of the enzyme increased until 4 d after imbibition and decreased thereafter, but targeting to the vacuoles containing storage protein was not directly proven. Furthermore, the mung bean and French bean peptidases have a C-terminal LysAsp-Glu-Leu (KDEL) sequence that can function as a signal for the retention of proteins in the ER (Chrispeels, 1991) but that is absent from the mature V. mungo Cys endopeptidase (Okamoto et al., 1994 ). An involvement of the Cys endopeptidase from microbodies in protein mobilization in castor bean endosperm is not very likely, because the small amount of storage protein visible in 1-and 2-d-old castor bean endosperm is degraded before the endoprotease activity accumulates. Therefore, the in vivo role of the castor bean Cys endopeptidase needs to be established by further experimentation.
A most interesting consequence of our data is a possible co-translational transfer of the Cys endopeptidase precursor into the lumen of the ER and from there to microbodies, with additional processing of a long propeptide. Although involvement of the ER does not fit the dogmas of precursor protein targeting and import during mitochondria and chloroplast biogenesis, such an involvement is supported by observations on the biogenesis of peroxisomes (cf. discussion by Gietl, 1996) . But careful localization studies are necessary to establish where the Cys peptidase and its precursor reside.
